Background: Endoscopic endonasal transsphenoidal surgery (EES) is the gold standard for pituitary adenoma (PA) resection. e sphenoid sinus (SS), a highly variable anatomic structure, is located in the center of the cranial base. It has previously been reported that poor pneumatization of the lateral recess of the SS (LRSS) increases the difficulty level of the surgery and the risk of neural and vascular injury. However, to date no studies have evaluated the association between LRSS volume and PAs removal rate by EES.
INTRODUCTION
Pituitary gland and sellar region tumors account for approximately 15% of all brain tumors, with pituitary adenomas (PAs) being the most common. PAs are benign neuroendocrine neoplasms confined to the sella. [21] However, some may infiltrate adjacent tissues such as the sphenoid sinus (SS), diaphragma sellae, and cavernous sinus (CS), with approximately 10% invading the CS. [6, 15] e endoscopic transsphenoidal approach to the CS was first performed in the 1990s, [8, 10] and comprises an excellent logical route to remove CS tumors, especially PAs, through the medial CS wall. In the transsphenoidal approach, tumors invading the CS through its medial wall are approached inferomedially following the direction of tumor growth, which spares the cranial nerves. However, this approach is limited by the narrow surgical corridor and insufficient visualization. e development of new endoscopic instruments providing enhanced visualization has expanded the limitations of the traditional microscopic transsphenoidal approach, thereby facilitating a safe resection of CS lesions. [26] e SS, a highly variable anatomic structure, is located in the center of the cranial base, surrounded by numerous neurovascular structures. Its pneumatization provides a dilating natural cavity through which the wide areas of the cranial base may be accessed. e sinus is bordered anteriorly by the ethmoidal air cells, posteriorly by the clivus, laterally by the CS, superiorly by the pituitary fossa and planum sphenoidale, and inferiorly by the choana. [28] Congdon classified the SS into three types, based on the degree of pneumatization relative to the sella turcica: conchal, presellar, and sellar. [5] Approximately 2% of cases with sellar lesions present no SS pneumatization, which increases the difficulty level of endoscopic endonasal transsphenoidal surgery (EES). [9, [17] [18] [19] 23, 24] SS pneumatization, both in the anteroposterior and the lateral (i.e., the lateral recess of the SS [LRSS]) directions, is important for EES. Poor LRSS pneumatization increases the surgery's difficulty level, as well as the risk of neural and vascular injury. According to our experience with EES to resect tumors invading the CS, less developed LRSS makes CS tumor resection more difficult due to limited manipulation of the surgical instruments. [13] We hypothesized that the removal rate of PAs in the CS was correlated with the volume of LRSS. In the present study, we quantitatively evaluate the relationship between LRSS and the removal rate of PAs with CS invasion. Preoperative evaluation of LRSS helps the neurosurgeon to plan an appropriate surgical strategy for PAs with CS invasion.
MATERIALS AND METHODS

Patients
e Institutional Review Board of the Keio University School of Medicine approved this retrospective study. New-onset PA patients who underwent surgery through EES were retrospectively evaluated. CS invasion was reported according to the Knosp criteria, and only PAs with Knosp Grades 3 and 4 were included in the study. [15] Knosp grading [15] was used to predict invasion into the medial wall of the CS, which was evaluated based on the coronal section of magnetic resonance imaging (MRI): Grade 0, PAs without extending the medial carotid line; Grade 1, PAs crossing the medial carotid line; Grade 2, PAs extending beyond the median line; Grade 3, PAs extending beyond the lateral line of the internal carotid artery; and Grade 4, PAs totally wrapping around the internal carotid artery in the CS.
Surgical procedure
EES was performed with otolaryngologists using a binostril, two-surgeon technique. [14, 16, 22] A surgical corridor was achieved through an outfracture of the bilateral middle turbinate. Following resection of the nasal septum's posterior segment, a wide sphenoidotomy was performed. e sellar floor was opened and the bone of the ventral CS was removed as necessary, depending on the tumor location. For lesions occupying both the sella and the CS, a transsellar approach to the CS was used.
Measurements and data analysis
e volumes of the whole tumor, the tumor located in the bilateral CS, and the bilateral LRSS were measured. All pre and postoperative MRI and preoperative computed tomography (CT) images were retrospectively reviewed by three authors (Kenzo Kosugi, Taro Mase, and Haruka Tamura), who calculated the whole tumor and CS tumor removal rate [ Figure 1 ]. Volumetric analysis was performed using the SYNAPSE VINCENT imaging system (Fujifilm Medical Co., Tokyo, Japan), and the segmentation tool function was used on gadolinium-enhanced T1-weighted images obtained close to the surgery date. LRSS was examined using the coronal planes from each patient. On each coronal plane, the Vidian canal and the rotundum foramen were connected, and the SS area in the lateral line side was measured. e volume of both LRSS sides was calculated by integrating each area from end to end of the lateral recess in the coronal plane. e pre-and post-surgery volumes of the whole tumor volume and the bilateral CS tumor were also measured on the coronal plane.
Statistical analysis
Correlations between two ordinal parameters were investigated using the Pearson correlation test. A linear regression model was fitted for trend analysis. P < 0.05 was considered statistically significant. All statistical analyses were performed with the Statistical Package for the Social Sciences (SPSS) version 20.0 software (SPSS, Chicago, IL).
RESULTS
Patient characteristics
EES was performed for new-onset PA in 31 patients at the Keio University Hospital between July 2012 and March 2018. Among these patients, 23 with Knosp 3 and 4 PA who had available pre and postoperative MRI studies, including gadolinium-enhanced T1-weighted images and high-resolution CT studies, were included in the study. e patients' average age was 59 (range 38−81) years and the study population had almost equal sex distribution (12 men and 11 women). Among 23 patients, 7 had only right side CS invasion, 6 had only left side CS invasion, and 10 had CS invasion on both sides. Four tumors were endocrinologically active with elevated plasma levels of growth hormone and prolactin [ Table 1 ]. e mean duration of the surgeries was 228 min and no major complications were observed. e endocrinological and radiological outcomes were satisfactory in patients with both functioning and non-functioning PAs. An illustrative case is shown in Figure 2 . 
DISCUSSION
Advances in optics, endoscopic cameras and video monitors resolution, and computer-assisted navigation have significantly enhanced the resection potential of various cranial base lesions using minimal access surgery. [1, 4, 11, 25] e use of the endoscope enabled direct visualization of the area under surgery, along with extreme close-ups and with changeable endoscopes with different view angles. [2, 3, 7, 20] However, the difficulty level of EES depends on the patients' nasal cavity and septum anatomy. SS pneumatization is one of the most important anatomical features to consider during preoperative planning. Determining SS pneumatization, both in the anteroposterior and lateral (i.e., LRSS) directions, is essential for EES. [9, 24, 29] Vaezi et al. reported a correlation between the extent of LRSS pneumatization and the difficulty level of the surgery, the amount of drilling, and the need to sacrifice the Vidian nerve in poor pneumatization cases when approaching the middle cranial fossa. [27] ey categorized SS pneumatization in the coronal plane into three distinct types, arguing that the classification could potentially improve the preoperative planning and allow a better evaluation of the risk for neurovascular EES complications. [27] However, they did not investigate the relationship between LRSS pneumatization and clinical parameters, such as the tumor removal rate. e present study revealed an association between LRSS volume and CS invasion removal rate in PAs.
In the present study, cases with substantial pneumatization tended to have a higher CS tumors' removal rate, since LRSS pneumatization influences the manipulation of surgical instruments during resection. Furthermore, in cases with a poorly pneumatized sinus, the direct visualization of the internal carotid artery's location and its relationship to the sella is basically impossible. Our results show that LRSS volumes are not associated with whole tumor removal rate and that LRSS pneumatization may not influence the removal of sellar tumors. In the present study, most cases presented with CS tumors in a small portion of the total tumor. erefore, the whole tumor resection rate was not associated with LRSS volume. We believe that analyzing LRSS development preoperatively is useful to plan EES for CS tumor resection in PA patients.
Limitations of the present study include the retrospective design and the relatively small sample size. Prospective studies with a larger number of subjects are warranted to confirm the present findings. In the present study, several cases achieved a nearly total removal of the CS tumor despite a narrow LRSS [ Table 1 ]. is suggests that the level of difficulty in CS tumor resection may be influenced by other factors, such as the nature of the pathology (i.e., fibrous consistency and vascularity), nasal structures, the surgeon's skill, and expertise and institutional resources (i.e., support specialists and equipment). [12] e outcome of endoscopic endonasal skull base surgery has been dramatically improved by the advancements in surgical instruments. Future technological innovations might overcome the disadvantages arising from the poor pneumatization of the LRSS.
CONCLUSION
e present study reveals a correlation between LRSS volume and tumor removal rate. Narrow LRSS is associated with difficulty in performing surgical procedures, resulting in a lower removal rate of the cavernous region of PAs. Preoperative evaluation of LRSS may help the neurosurgeon to plan an appropriate surgical strategy, including the selection of endoscopic instruments for PAs with CS invasion.
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